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PREFACE

The work described in this report was authorized in 1954 and started in

1955; it involved laboratory work and Lxposure of concrete specimens at 0

St. Augustine, Florida; it was part of Engineering Study Item 603.1.

Mr. Fred Anderson (DAEN-CWE-DC) was the OCE Technical Monitor when this report . -

was prepared.

Many people were involved in this project over this span of time. 0

Mr. Cecil Willetts was the original Project Leader and Mr. Alan D. Buck was the

last Project Leader. All of the laboratory work was done in the Structures

Laboratory (SL). Original overall supervision was under Mr. T. B. Kennedy;

final supervision was under Mr. John M. Scanlon, Chief, Concrete Technology •

Division, and Mr. Bryant Mather, Chief, SL. The report was prepared by

Mr. Buck.

Commanders and Directors of the USAE Waterways Experiment Station (WES)

during preparation and issuance of this report were COL Tilford C. Creel, CE, S

and COL Robert C. Lee, CE. Mr. F. R. Brown was Technical Director at this

time.
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Conversion Factors, Non-SI to SI (Metric)

Units of Measurement

Non-SI units of measurement used in this report can be converted to SI (metric)

units as follows:

Multiply by To obtain

inches 25.4 millimetres 0

angstroms 0.1 nanometres

pounds (force) per 6.894757 kilopascals
square inch (psi)

Fahrenheit degrees 5/9 Celsius degrees or Kelvins* S

To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,

use the following formula: C = (5/9)(F - 32). To obtain Kelvins (K) read-
ings, use: K = (5/9)(F - 32) + 273.15.

3
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CEMENT COMPOSITION AND CONCRETE DURABILITY IN SEA WATER

Background

1. A study to determine if sulfate attack of concrete would have any ef-

fect on the degree of alkali-silica reaction that developed in the same con-

crete was conceived and executed. Laboratory tests were used to characterize

the materials used and to evaluate their potential for expansive reaction or

reactions when they were used in various combinations. Field exposure and test-

ing were used to evaluate 16 different concrete mixtures. Concrete specimens

were made in the laboratory and most of them were transported to the warm sea 0

water exposure station at St. Augustine, Florida; the balance of the concrete

specimens were stored out of doors at the moderate weathering exposure station

near Jackson, Mississippi. The concrete specimens were monitored periodically

by determination of pulse velocity and by visial inspections for 
about 10 years. 1

When specimens failed, some of these were returned to the laboratory for petro-

graphic examination. The results of this testing have had only limited publi-

1,2
cation. The intent of this work was to provide opportunity for alkali-

silica reaction or sulfate attack or both to occur in a favorable environment

(warm sea water) and to monitor the results.

2. Specimens representing these 16 concrete mixtures were installed at

the mean-tide level at St. Augustine, Florida, in 1955-56. The mixtures in-

volved combinations of four portland cements, two granulated iron blast-furnace 0

slags, three aggregates, and two types of pozzolan (fly ash and ground calcined

shale). The four portland cements included examples with high- and low-alkali

contents and high- and low-tricalcium aluminate contents. The aggregates in-

cluded reactive and nonreactive types. Three of the mixtures with high-alkali,

high-C 3A cement, and reactive aggregate were expected to experience both

alkali-aggregate reaction and sulfate attack; three others with high-alkali,

low-C 3A cement, and reactive aggregate were expected to experience only alkali-

aggregate reaction; seven with nonreactive aggregate but high-C 3A cement were

expected to experience sulfate attack only; the rei:'ining three were not ex-

pected to experience either kind of attack. Since two of the mixtures were

made twice, there was a total of 18 mixtures with 16 of them being different.

4
_0
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3. A description of this project and discussion of results to that time
6

were presented at the 1959 American Concrete Institute (ACI) Convention.

Materials, Mixtures, and Tests

Materials

4. The four portland cements used are shown below:

Tricalcium
Aluminate

RC No. Alkali (C3A*)

331 High Low S
332 High High

333 Low Low
334 Low High

* Usual cement noation, C 3A = 3CaO • A1203

5. The two pozzolans and the two ground granulated iron blast-furnace

slags that were used are shown below:

Portland Cement Replacements "
Serial No. Type of Material by Solid Volume, %

AD-3(3) Fly Ash 20

AD-5(3) Calcined Shale 30

RC-216(4) Granulated Blast- 40 O
Furnace Slag

RC-296 Granulated Blast- 40
Furnace Slag

6. The aggregates thaL were used included: 5

Kind of Aggregate Relative Alkali-
CL Serial No. and Material Silica Reactivity

VICKS-3 G-1(20) Coarse Crushed None S
VICKS-3 MS-10 Fine Dolomitic

Limestone

WES-1 G-5(3) Coarse Natural Moderate
WES-1 S-8(3) Fine Siliceous

Gravel and
Sand

5
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Kind of Aggregate Relative Alkali-
C1. Serial No. and Material Silica Reactivity

OM-2G-2(9) Coarse Quartzite Highly

CRD-G-22(2) Fine Pyrex Glass Highly

7. The quartzite was reactive because it contained an opal matrix; the

quartzite was used to replace 5 percent of the natural gravel in some mixtures.

When the natural gravel was crushed for use in mortar bars, the quartzite re-

placement was 1, 3, and 1 percent of the 600-pm, 300-pm, and 150-pm (No. 30,

50, and 100) sizes, respectively. When the replacement of natural gravel was in

concrete, the replacement with quartzite was by solid volume of the total

gravel with approximately 35 percent in the 19.0-mm to 37.5-mm (3/4- to 1-1/2- 0

in.) size when used and the balance in the 4.75-mm to 19.0-mm (No. 4 to 3/4-in.)

size material.

8. The limestone, natural sand and gravel, and the quartzite, in differ-

ent combinations, were used in the concrete. The Pyrex glass was used only in

two of the laboratory mortar mixtures. These Pyrex mixtures were repeated for

a total of four mixtures.

Mixtures and tests

9. Various physical and chemical tests and petrographic examinations

were used to characterize the materials and some of the mortar mixtures that

were made. This included petrographic examination of some concrete specimens

from storage at St. Augustine. Specimens stored out of doors at Jackson were

inspected as well as being tested in conjunction with testing of the

St. Augustine specimens.

10. Concretes. In 1955, three rounds of 12 mixtures were made. Three

concrete beams, each 6 by 6 by 30 in., and nine 6- by 12-in. cylinders were

made from each round for a total of 108 beams and 324 cylinders. Six beams

from each mixture were placed on the exposure rack at St. Augustine, Florida,

in August 1955, and the remaining beams were placed outdoors at the CL in

September 1955.

11. In 1956, three rounds of six more concrete mixtures were made as be-

fore. Six beams from each mixture were placed at St. Augustine and the remain-

ing three from each mixture were placed outdoors at thr CL, all in August 1956.

Two of these were repeats of the earlier mixtures but with 19.0-mm (3/4-in.)

instead of 37.5-mm (1-1/2-in.) nominal maximum aggregate size.

6
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12. The pulse velocity and dynamic Young's modulus of elasticity (E) of

the beams kept at St. Augustine and outdoors in Mississippi were determined bi-

ennially until 1970. In mid-1971, one concrete beam from each of the 15 sets

that had not failed at St. Augustine was returned to the laboratory and given a d

final reading. These included beams 1833, 1842, 1863, 1868, 1878, 1889, 1901,

1905, 1917, 2542, 2545, 2554, 2565, 2571, and 2587. No readings of the speci-

mens kept outdoors in Mississippi were made after the 1970 reading.

13. The cylinders were tested for static E at 28 and 90 days and for •

compressive strength at 7, 28, and 90 days.

14. All of the 18 concrete mixtures had a water-cement ratio of 0.5,

slump of 2-1/2 + 1/2 in., and air content of 5 + 1/2 percent.

15. Mortar. A total of 16 mixtures were made and the bars were tested 0

for length change by CRD C 123-483 (ASTM: C 227). Fourteen of the mixtures

were different combinations of materials and two mixtures were repeats.

16. Ten mortar mixtures were made and specimens were measured for length

change by the Lerch test (CRD-232)3 (ASTM: C 452) and six other mixtures by 0

the Lean Mortar Bar Test* to evaluate the sulfate resistance of the four project

cements and of the two high C 3A ones (RC-332, 334) when combined with granulated

blast-furnace slag.

Results

Sea water

17. A chemical analysis of a sample of sea water from St. Augustine was

made in 1958; the data are shown in Table 1. The temperature of the sea water

was 820 F when this sample was taken.

Project Materials

18. Tables 2, 3, and 4 contain data for the four cements, two ground

slags, two pozzolans, and five aggregates, respectively. The most notable fea-

tures of the cements are their range in C 3A and total alkali contents and dis-

tribution of alkalies. These are:

Done as described in Appendix A to the 1952 report of ASTM Committee C-i,

ASTM Proceedings, Vol 52. 0

7
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Alkali as

Calculated C 3A Total Alkali as Na 20 K20 Na 20
Cement RC- 3________

331 5 0.94 0.23 0.79

332 14.3 1.00 0.95 0.37 0

333 3 0.33 0.20 0.20

334 13.5 0.24 0.16 0.13

19. Inclosure I is a 1955 petrographic report about the five aggregates

(three types) that were used in the concrete mixtures. It points out that the

Klufa quartzite contained about 14 percent opal. Since the quartzite was used

at the 5 percent level when it was used, there should have been about 0.7 per-

cent opal in the total aggregate. This is a probable pessimum which was con- S

firmed by field behavior of appropriate beams (Table 9).

20. Inclosure 2 is a petrographic report, largely X-ray diffraction (XkD),

of cements RC-332 and 334 and of two slags from the same sources as the two

project slags. It points out that while both cements are high C3A by calcula-

tion, based on the chemical analyses, RC-334 has about half as much crystalline

C A by XRD. The difference in thes& two cements and their sulfate resistance
3 4

wis discussed extensively in a 1965 report. At that time it was concluded

thait cinc they were similar in calculated C3A content but differed signifi-

i:intI; in imount of crystaline C 3A by XRD, the difference was that some of the

C3 A waJs :1assv and that this explained their differing behavior to sulfate

attack. The slags are shown to be largely glassy with small amounts of crystal-

line quartz, calcite, and melilite (RC-216(4) only).

21. Mortars. Table 5 shows expansion data through 1 year for the 16

mortar mixtures. No bars were made with the low-alkali and high-C 3A cement

RC-334. The chert gravel and opaline quartzite combination with high-alkali

cement RC-331 was repeated with substantially more expansion the second time.

Since this testing was done when there was difficulty in obtaining the nearly

100 percent relative humidity within a container that is required for this

test, the presumption is that the humidity was lower in the initial test. The

same aggregate combination with the other high-alkali cement (RC-332) was also I

repeated, both sets of results were similar so humidity was not a problem.

Note that expansion with high-alkali and high C A RC-332 was approximateilv

twice what it was with high-alkali and low C3 A cement RC-331.

22. Inc]osure 3 is . petrographic report about examination of 12 of the

16 mortar bar sets (Table 5) after testing was stopped after 1 year. This

8
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0

Table 1

Analysis of Sea Water from St. Augustine Exposure

Station, Made by Chemistry Section, CD

Reported 9 September 1958 0

Constituents PPM Equivalents

Suspended Solids 160.0 --

Dissolved Solids 38,610

Dissolved SiO2  6.0

Dissolved R203 7.0 --

Dissolved Ca 430.2 21.46

Dissolved Mg 1,340.0 110.2

Dissolved Na 11,130 484.1

Dissolved K 447 11.43

627.19

Dissolved Cl 20,460 576.9

Dissolved SO4  2,780 57.88

634.78

S
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S
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035 MORTAR-BAR EXPANSIONS
OF HIGH-ALKALI CEMENTS

WITH REACTIVE AGGREGATE
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Figure 1. Mortar-bar expansions
of high-alkali cements with reactive

aggregate
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14 MORTAR- BAR EXPANSIONS
OF HIGH C3A CEMENTS

EXPOSED TO SULFATE ATTACKr
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Figure 2. Mortar-bar expansions
of high-C3A cements exposed to

sulfate attack
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36. Two cements (RC-332, 334) with similar high amounts of calculated

C 3A but different amounts of crystalline C 3A by XRD reacted differently to sul-

fate attack. The one with more glassy aluminate (RC-334) showed more and

longer-term expansion as if the glassy phase was slower to react; perhaps be- .

cause it was combined with other more slowly reactive phases.

0

12
* S

-

* 5

12 "' ..2

• 21 'i.. i i-



that should show the effects of alkali-silica reaction only, and seven mixtures

showing the effects of sulfate attack only. Armed with a knowledge of the ma-

terials used and consideration of the test results that have been described, it

is apparent that this intent was generally successful. The mitigating effect

of different pozzolans or slags on these reactions was recognizable. However,

since they were not necessarily used at their optimum amounts, the effects were

often limited in scope or duration.

31. Due to the fact that the two high-alkali cements (RC-331, 332) dif-

fered in type of major alkali, sodium or potassium, as well as being low or high

in C3A, comparisons between the effects of these cements was never definitely

as simple as being due to C 3A or to type of alkali. However, comparison did

indicate that the higher potassium cement (RC-332) did cause more and quicker

expansion due to alkali-silica reaction than did the higher sodium cement

(RC-331). This is shown graphically in Figure 1 which was used in the 1959

presentation at the ACI Convention.

32. The use of XRD to show that two high-C 3A cements (RC-332, 334) of

presumably similar C A contents actually differed with RC-332 containing much3
more crystalline C A was considered significant. Each cement led to signifi-

3
cant expansion due to sulfate attack (Tables 6, 7) with the one (RC-334) having

the smaller amount of crystalline C 3A, and presumably more glassy aluminate,

causing more longer-term expansion before any breakage of bars occurred. This

suggests that liberation of incorporated aluminate by other phases took longer

than the quicker reaction (i.e., <56 days) of crystalline C A. These results
3S

are shown in Figure 2, also from the 1959 ACI paper.

Conclusions

33. The effect of combined alkali-silica reaction and sulfate attack on

concrete or mortar is faster and more destructive than the effect of either re-

action by itself.

34. When slag or a pozzolan is to be used to mitigate the effect of S

alkali-silica reaction or of sulfate attack on mortar or concrete, it is prefer-

able that enough advance experimentation be done with this material to determine

the optimum amount of it to use for this purpose.

35. High potassium content in a cement caused more alkali-silica reaction

than did high sodium content.

. *. . . . . . . . . .
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general, one can predict specimen behavior from a knowledge of materials com-

binations. For example, the combination of low-alkali and low-C 3A cement RC-333

with limestone or siliceous aggregate with 5 percent quartzite (Mixtures 3, 2)

should be satisfactory, and it was through the 16 years of testing. On the

other hand, the combination of high- " ali and high-C A cement RC-332 with
3

siliceous aggregate and 5 percent quartzite (Mixture 4) should fail, and all of

* the beams had failed by 1960 after about 5 years of exposure to the marine

environment.

27. Inclosure 4 is a 1958 petrographic report describing examination of

two failed beams (1823, 1850) from the St. Augustine exposure and of the four

project cements. Beam 1850 had obviously failed because of deleterious chemi-

cal reactions but Beam 1823 showed only negligible reaction and was probably S

broken by accident during handling. The report concluded that the much higher

potassium content of cement RC-332 in Beam 1850 was probably the major explana-

tion for the different behavior of the beams. It also speculated on possible

interaction effect of one reaction (sulfate attack) on another (alkali-silica 0

reaction).

28. Inclosure 5 is a 1957 petrographic report and memorandum about exami-

nation of three failed St. Augustine concrete specimens from a different test

program. It is included because it is another example of extensive deteriora-

tion of concrete containing a high-alkali and high C3A cement.

* 29. Inclosure 6 is another petrographic report, written in about 1966,

of a failed beam that was returned from St. Augustine after about 9 years of

exposure. It had the same high-alkali and high-C 3A cement (RC-332) and reac-

tive aggregate combination as the earlier failed beam 1850, but this later beam

also contained 20 percent fly ash. It appeared that the ultimate fate of this

later beam was the same as Beam 1850, but this fate had been deferred but not

prevented by the presence of the pozzolanic fly ash. This is not surprising

since later work5 indicated that at least 40 percent of such ash would be re-

quired for maximum effectiveness.

Discussion

30. As indicated earlier, the intent was to make three concrete mixtures

that would show maximum effect due to both types of reaction, to make three

mixtures that should show no effect from either reaction, to make three mixtures

10



examination showed some evidence of alkali-silica reaction in most sets of

bars, no sign of reaction in the low-alkali and low-C A cement RC-333 with
3

chert gravel or this gravel with 5 percent quartzite, and most evidence of this

reaction in the bars made with high-alkali and high-C A cement RC-332 with
3

gravel and quartzite. There was no sign of sulfate attack in the form of recog-

nizable ettringite.

23. Table 6 shows expansion data through 1 year for the 10 mortar mix-

tures tested in the Lerch test (CRD-C 232) 3 (ASTM: C 452) using all 4 cements.

The high-alkali and high-C 3A cement RC-332 mixture and the low-alkali and high-

C 3A cement RC-334 mixture were both repeated. Reproducibility was probably

satisfactory in both cases. The use of 40 percent of either slag with RC-332

was relatively ineffective. While they were more effective with cement RC-334,

they still did not reduce expansion to a satisfactory level. The extreme ex-

pansion at 1 year of over 1 percent for the low-alkali and high-C 3A RC-334 was

especially noticeable, particularly when compared to 1-year expansion of sub-

stantially less than 1 percent for the high-alkali and high-C A cement RC-332.
3

As expected, expansion was lowest when alkali and C A contents were both low
3

(RC-333).

24. Six mortar mixtures were tested in the Lean Mortar Bar Test (see

footnote to Section 15). Expansion data for these through a maximum age of

609 days are shown in Table 7. These evaluate the high-C 3A cements (RC-332,

334) alone and with 40 percent of each slag. As with the other test for sul-

fate resistance, both cements lead to excessive expansion or breaking of bars

with RC-334 bars expanding over 1 percent in less than I year. As before, the

data indicate that each slag reduces expansion but probably not enough, espe-

cially at the longer ages.

25. Concretes. Table 8 shows the compressive strength data through 90

days and the static E results through 90 days that were obtained in the labora-

tory for the 18 concrete mixtures. Mixture B was a repeat of Mixture 6 with

3/4-in. instead of 1-1/2-in, limestone aggregate and cement RC-334. Mixture A

was a repeat of Mixture 5 with 19.0-mm (3/4-in.) instead of 37.5-mm (1-1/2-in.)

limestone aggregate and cement RC-332. The mixture designations are those used

in the book that contained all of the field data.
1

26. Table 9 contains data from Reference I for the beams of these 18

concrete mixtures through the 1970 readings. In addition, tht final readings

that were made in the laboratory when 15 beams were returned are shown. In

9

.

N



U)
::3r- --T -IT

-1 :1 C N 00

C to

-41-

~(-) QCI -4f ~
COCO

- 4 (0 N
U) 0n

a ca C) 0 0 (tQ
41J ::jC-.4r- cn -Tr N u
fa n00 -T cn -Zr C4 * Co

a) 0 IIca

4.14

CD 0) -Zr a
(D r.U~f C Z 0 -CAZr 1
> a) -T r V l

U)M U
0-4 1) - CO

CO 0 O cn -0 - 0 C4 .14 0.V
o C1 000 -- N C

u 0 ~
'- U r- 60
00 -4 4

z0

-4 4 "-4

.0~ >.4I I 0
N0 1-4 .1 a)1 ad ra
41 C3 CL IaO a

00 w = ) C: "
-431 0. 0

<f *d0 a)4 0 1
AI u~ 71 0)
ca W-C 0.

*,- (00 0 0 to t (nC

4J Q ) u w O4 4 w
m a. to b w) ) 0 4-
mO.- 4.0 4.1w 4 0

(0 0)0 (0 ( 0)0
-'-4 .- I 0 0 -0 UO

zO 1-4 - C: w ,0 C: -. U2

4-1 4J r 0 000 0 a) -H
* 4.1 0* 00 4--C1 Cg , '

$04 U),- I U) -I *.-404

z C) Q) u a) u 4--) z

(0j <, 4 r=w Xr4

*l C's

0) a)

(0'0

-1



0)n Z0 , 0080 0

,e 
0

Ij~ az z2 00000

-10 0-0-0-A -*00-0

- - - - - - a 0 ' - -

0- - a, 0000 -00 0 0 0

-~~ -. ~ .- -- c

-- 00- - 00 00020000

I -2

lo c '0('

a, a, I. 00 0 aoa ,0 oo0

(N(e( 0--00 00 00 o~ 0~0
a ~ ~ ~ 2 -. 4lN0I-r- 0- c' C -- 00 0 0(N(

4 c oo > m co oNNNfl.r 0f4 .( C.-- 0IIJ 0 ocNcoool

C I -CDc >o0o a o

c) 1 u0 0 M 0 I00D0D0D(0 D a'0 00' 14000 00
u ~ ~~ ~ ~ ~ -- - - -CCo ~ l l l l l 1 c

-~ 0

m nwc l a w waaw 'It

0
7- z

lul

z z

'T-. aCl o0 7l
03 -o a

w Uo o c coc

w zT 12 In L Lo 22 C2
* (4 o



10 - -- - -~ - - - -

> 0

00 0i- - -

I L C0O 03 "I00 0 , -000

-0' - - --

--- -- -- - A-- -00

O 'D co Dr0 %w.0a 'D\C 2-.sC -c e-

> 0 -00 00-0 0 coL0- 22 2

>1 O00 000 a,000 0 a, I

U 0

0oooa 0000000000 m (D 0 0 00000C

z0 -- 0 0 0 - 0 C

as 0 0 ncoC ) 0 0 0 0001

0 cCD0 )0 00()00 000000 00 00c)0

r- r

w4-AA4 + CL 00 +C

0 4J~'J .44-.

'014 0 "4_

01) 4. o .0 4041

.4. C24 Z:4 EU) Es 1

5 - -



C) 00D

.0

00003.'0 000 003.0

-- 0 - 0 00- 0-

- - - ---- -- --00 - -=~ ' 0-00- 0-

- 0000-0- - -- -- c0
- - - - -- - - - - - - -

-,4 ~ NN .C71 - - - - - -0

-~~~ -0 -000 0--0-- -000- -

o z o o - - --

a, o. a, W 0 r0

-,o c)o ) CJa c o*' 0Jl. .- r~ c0o

S3 -2 - --2-22E2 o 0 -- c> ( 00DE

- E



>. -r ..

0O 000 0 '

' 
-' -~ -, 

-0-

> 000 a0- 0 0

- 0 00 00 -00' 1 10 a

<D~~ lyC r- (71 V -

'C,

a'LZJ. 
U. 

t3,

C -0 - - --

-~~0 00 00 -30-!

r 00T--0 mo0 0- m-I

Ia, 
-

*c > 00 00 -2 -0-a- 0 0 - C

2 1 2 2

0a0 'D 0 o 00 . 0 0~~' a'a''C0 0 0 000000O

w feC Q--.r- w-.O ' eN

2.

W 000000 00000 000 00 0 0 0
0000 0 00 000 000 0 0 000



0 00<7

-~ -- 0 - -0 2-- -

co 0000 00 000 -

.0,

cc 0

100C,00 00 000000 co

.0

L))

le0 Q C:1C2,C?20 0 (=1 2D00' 4)I

~0
-. U 4 - - m 0 M4)0,

v W)
.0 .4'

w C .):>C 0004" 40 0'0 D0 4)

4 c 00 00 00 00 0
'0 u ~

*00 004.H- .0
0 A-4 IV4 vr-7 '.4 m

4)3 0'4J

.0 wI x

4,,

WN 00000 00 0 4) '

>( 00 00 00 00 X

0 I' -(l~ 0 Q. -
4, 0o -, C:.'04- C:. a4,0 00

.. 440 ... . C

04DZ )D10 w4

0 0

00.4

.. 0.0

gn - - -0



CORPS OF ENGINEERS, U. S. ARMY PETROGRAPHIC CONCRETE ReA"fqH
REPORT DIVISION

WATERWAYS EXPERIMENT [ SUMMARY P.O. DRAWER 2131

STATION C DETAILED JACKSON, MISSISSIPPI S

SYMBOL: OJ " -tect, o1 DATE REPORT INITIA LS:
0onA ali- SUBMITTED: 16 Se '650 vre -ate Reac15ivitvT) r,

-b-1" r-5.1 'SOURCE uzica, ms.

,VICKS_3 Near )Nashville, Tenn.
G-I(20VICOS-3 M-10 )Pickstown, S. !akota
OM-i G-Z(Y)•

1. Smples. Samples of five aggregates, for use in makinr concrete
specimens orexposure at St. Augustine, Florila, were received for petro-
graphic examination. These samples are:

CD 0'o. Description Source

VICKS-3 G-1(20) Danley Limestone Near !4shville, Tenn.
VICKS-3 MS-l0 Danley Limestone Near Nashville, Tenn.
WES-l G-5(3) Natural Chert Gravel Uear Utica, Miss.
WES-l S-8(3) Natural Sand Near Utica, Miss.
OM-2 G-2(9) ylufa Quartzite Near Pickstown, S. Dakota

2. SSu y. The coarse and fine aggregates of the Danley limestone
are composed largely of me' ium-dark grey, unweathered, denee, f-ne-grained
limestone with lesser amounts of dolomitic limestone, medi um-prained
limestone, shaly limestone, chert, gypsum, and calcite (Table 1, 2 ; the
particle shape is predominantly pyramidal. The fine aggregate is excessively
dusty, almost every particle has a coating of loose limestone dust.

The natural chert gravel ranges from 99 por cent chert in the
1 1/2-in. - 3/h-in. sizes to 86 per cent chert in the 3/h-in. - !o. 1 sizes
(Table 3). The particle shape is blocky to tabular with rounded edges.
Aporoximately three-fourths of the chert is dense with the remainder being
either vugry or porous. A small amount of the chert in this sample is
chalcedonic. The natural sand is 83 per cent quartz and 16 per cent chert
(Table h); particle shape ranges from spherical to irregular with shiro or
round'd edges. "he color is yellowish grey.

The Klufa quartzite is about 70 per cent quartz, l! per cent opal, ind
13 per cent clay and feldspar (Table 5). 7he sample contains both weathered
and unweathered rock; the weathered rock surf ces are partly covered with
plants, probably lichens. The color on freshly broken surfaces is light S
olive grey. Tt is a very fine-grained, lense rock.

6 TnciS
1. 0otailed Report
2-6. Tabies I - 5

- At l1east pe lLrcent .prol~ao:I v not ovet .r UL pr rit.
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CORS F NGIEESU. , RM PETROGRAPHIC CONCRETE RESEARCH
REPORT DIVISION

WATERWAYS EXPERIMENT SUMMARY P.0 DRAWER 2131

STATIO j0 N DETAILED JACKSON, MISSISSIPPI

SYMBOL: CT J DATE REPORT INITIALS:
(~lO ~reiW *eactv~t $..,OMITTED, 16 s~p ) AD

SV -3 ea r' ' a-vi__o, Tpnn.

examine.d and clnssifi-d usini' Pith-r a stere sn-os'c -)r netro,-ranhic
nicrosco-e. %cid and scratch tpa-s :,-re ailso iserli as an aid in classifica-
tion. A nibpr of chert .Darti cles wei-e craished and examinfd in immersion
oil t-) determine the -resence, or absc-nce of chalcedon.Y, tb refractive indices.
The 1 1La ~uartzite was examined usir~ y-r-,, "iffraction methods. Tn addition,

-ev -ai thin sections were made of typical nouartzj te rock; usln, a point-
count techninue with the uetro,-ranhic microscope, f-ftenn hundred points
uere examined and clasfifiod on a thin section of we-athered rock. Thir
:-rocess was reneated on a thin section of unweathered rock. These da ta we re
-ised to calculate the composition of the rock.

2. Conosition.

a. The coarse and fine agpregates of tile Danley limestone are
predomirnantl-v, mediam-dark rrey, unweathered, dense, fine-grained Iliesto)ne
wit!; lesser amounts of doloitic limestone, mediumi-rrained limrfest-rne,
s'.aly iimen~e, chert, -suand calcile. -'ost of the n articles are
--.ramidai is. snaiv; there is a general increase in amount of tabular
,narticlos witli decreasing, particle size. This sample is verv similar to
other s~c';alcs of I~tni(ev limestone as described in prtrographic report._- dated
SSoptenter 19 O and 2 August 195>. The only reail difference 1&bor the

coatinf- o1 lime--tone dutcarri-d on most oil the sand particles of this
sample.

b. Thie natural chert -ravel is 99 per cent chert in the 1-1/2-in.
-3/L-in. sizes and '6 per cent chert in the 3/4-i a.- o! se.Th

b:,laricc of tlie smaller size ran:e is largelyv quartz. Tlip chert is of the
den7se, vu -, and porous tyrpes with the dense chert makinF up the bulk of
it. A ,;rall amount of the chert was found to he chalcedonic.

c. The natural sand is 'rellowish-grev in color and made up almost
entirely of c iartz, which is either spherical or irrepulair in sra-ne.

d.* The y'lufa quartzite is a dense, yers" fine-gr ;imed rock, which is
made up of -iartz -ind feldsnar grrains heldI to-ether t- a matrix of a-,al and
clay. Tlie saraple contain:; both weatneredl anrd xnweathEred rock; nome of the
weathered! rock s irfaces are part4aiii'y covered ly nlants, -robabl'r lich-ns.
Two large, hig-hi-v-fract,-red, >s own calcite concretions wrere fouind on
weatiercAl surfaces of t.;e rock. The conpo;itiorn of the weatiered andI un-
tweathrered rock, as determined ty a point-count technicue, is ora cticallv

LMW FORM NO. 557
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Petrographic Peport (cont'd)

identical. The color on freshly broken surfaces is light olive prey.

3. fescription of constituents of the 1anley limestone.

a. The fine-grained limestone particles are dark brown to dark
grey with smooth surfaces. Tiny dolomite crystals are present in patches
in the fine-grained rock or as layers adjacezit to it at stylolite contacts
in more than one-half of the particles. Stylolites are quite common in this S
rock.

b. The medium-grained limestone particles are tan to light brown
in color, have smooth surfaces, and are largely free of dolomitic areas and
stylolites. The rock consists of spherical oolites and angular fine-grained
livestone fragments in a matrix of clear calcite. In the finer sand sizes
this category was recorded as calcite and fine-grained limestone. 0

c. The dolomitic limestone was prouped with the fine-grained
limestone category in the coarse aggregate. Tn the sand it was classified
as a searate constituent. Tt rangeR in color from light brown to yellowish
green; the particle surfaces have a sugary texture.

d. The calcite was derived in part from the matrix of the medium- 0
grained rock and in part from a few random pieces of calcite in the coarse
aggregate. Most of the calcite is found as tiny, clear, crystalline rhombs.

e. The miscellaneous group includes chert, cherty limestone, shaly
limestone, gypsum, and iron oxides. The chert is light grey in color and
partly chalcedonic. The sha4 limestone waS derived largely from surfaces
exposed by the parting of stylolite seams with crushing.

4. Description of constituents of the natural chert gravel and sand. -."

a. About three-fourths of all the chert is the dense variety.
Color is usually some shade of brown; the particle surfaces are smooth;
particle shape is blocky to tabular with rounded edges. A small amount of
this chert is chalcedonic.*

b. The v-ggy chert is brownish in color. The particle surfaces
are pitted with depressions of varying sizes, and the particle shape is
blocky with rounded edges. Many of these particles are oolitic.

c. The oorous chert is usually light in color, tabular in shape, 5
and highly to moderately absorptive.

d. The quartz of the gravel is spherical in shape with a wide
range of colors; that of the sand is spherical or irregular in shape, and
most of it is the clear type of quarts.
*--All-300+ particles in the 3/4- to I-in. size were inspected; 12 were se- 5

ected as possibly chalcedonic. A second inspection was made; 6 more were
selected. Five of .the 12 and I of the 6 (total 6 out of 18) showed chalce-
dony to the extent of 10 percent on the average of the particle. Thus,
6/300 x 1/10 = 0.2 percent of the sample has been shown to be chalcedony.

2

S

- - -" ..- _, _., - " ".. _ -,,--,,-,*1,. "t &,,".,, ,,.,. -,,,,,,



Petrographic Report (concId

e. The miscellaneous rroup includes feldspar, iron oxides, and
various accessory minerals.

5. Description of constituents of the Klufa quartzite.

a. The Quartz occurs as clear, spherical grains.

b. The opal is present in the ock as a clear material which binds
all the Vrains of the rock together. r!pal is known to contribute to un-
desirable reactions in concrete which is made with it. Opal comooses lh per
cent of both the weathered and unweathered rock.

c. The feldspar is largely plagioclase. The prains are rounded
and unaltered. S

d. The chert is present as d-nse, rounded grains.

e. The miscellaneous category includes clay, altered feldspar,
clay covered quartz grains, and variois accessory detrital minerals. The
clay is of the illitic (non-swelling) type; it is the main constituent of
this category and is found thoroughly disseminated througho it the rock. in
addition, scattered throufhout the rock are cavities up to one-hilf in. in
diameter which are partially filled with a pale green, hard, waxlike
material. X-ray analysis oroves this material to have the same constituents
as the host rock. The clay content of this material is much higher than the
clay content of the host rock. The feldspar of this category is partially
altered to sericitic mica and will eventually become illitic clay.

S
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abundant signs of alkali-aggregate reaction in fairly equal amounts. In
addition, it would be expected that the set represented by Beam 1850 would
show much more signs of sulfate attack than the set represented by Beam 1823.
This examination has shown that the sulfate attack was about as expected, S
but the amount of attack by alkali-aggregate reaction and the overall con-
dition of the beams were not as expected. The deleterious effects of the
reactions that beset Beam 1850 were sufficient to cause its failure after
an extremely short exposure time. Beam 1823 showed no deleterious effects
from the slight alkali-aggregate reaction seen after identical exposure.
The concrete of Beam 1823 appears to be in the same excellent condition at
the time of this writing as it was when originally placed at St. Augustine.

17. As previously stated, the only difference in the two beams before their
expo~uie aL IL. A.iustinc was that they were made with different cements.
Tie cement used in Beam 1850 is high C3 A while that used in Beam 1823 is
low C3 A (Table 4). The individual alkali content of the two varies in the
following manner: 5

RC-331 RC-332
(Beam 1823) (Beam 1850)

KI0 0.23% 0.95%
Na,a 0.79% 0.37%
Total as Na 20 0.94% 1.00%

the difference in C A content could mean that there is a relationship be-
tween sulfate attac and attack by alkali-aggregate reaction; one reaction
may act as a catalyst or accelerator to intensify the effects of the other
when both are present. The difference in K2 0 and Na20 contents could mean
that potash is a much more active alkali in promoting destructive alkali-
aggregate reaction.

18. A recent paper by C. E. S. Davis,* writing on the comparison of the
effect of soda and potash on exp)ansion in cement-aggregate reaction, states
that in general, K2 0 caused more rapid reaction and expansion initially,
less reaction later, and less total expansion than Na 20. Table 3 contains
some of the results of the mortar bar tests that were made as part of this
program. A petrographic examination was made of tile original group of alkali
mortar bars shown in Table 3. Two of the sets were made with the same com-
bhiat ions of cements and aggregates as the two beams returned from St.
August ine. lhe results are given in a report dated 5 September 1956. The
bars of both sets showed signs of alkali-aggregate reaction. Those made
with the materials used in Beam 1850 were in poor condition and showed more
evidence of reaction than those of the other set. The latter was in good 5
condition. there was no formation of sulfoaluminate in either set of mor-
tar bars. It should be noted that the condition of the mortar bars and of
rti bam s ia a.trikingly similar. Fhe difference between the two sets of
mortar bars was due entirely to alkali-aggregate reaction in the absence
of sutlfate attack. The maioritv of the evidence that has been presented,
while not conclusive, seems to support the difference in potash and ';oda
cMtenIts oIf the cemen ts as being the proper explanation for the condition of
Beams 18-)o and 1823.

* iav ls, C. E. S., "Studies in cement-aggregate reaction: XXVI , Compa r i son
,, the effect of soda and potash on expansion." ,-,u _tr alian-_ii I -ournI -at -  ,t A-
ptied Science, Vol 9, No. 1, pp 52-62 (1958). An abstract of this paper
,,I- carried in tile Ceramic Abstracts portion of the lournal o thet American

o CIra Oie hI-: lt1 41, No. 6, p 140 (,tune 1958).
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adhered to the sides of and filled the outer portions of cracks. Fall
colloform calcite coated the areas within the tiny circles. The coiloforni
calcite was made up of wedge-shaped crystals in spherulitic arrangemient.
W'e calcitec-gel mixture formed white, translucent coatinlgs;.

Beam 1823

12. lb is beam, which was miade with a highi-alkali and low-C 3 A cementL, was
in good phvsical condit ion (Photographs [3, 4) . Thlere were signs ot silight

a Ial -agregtereaction but no0 indicat ion tha~t it has been detr imental
to thli concrete.

I i. i XterI ja r surfia ceus. Ilie outer surfaces were covered with mar ince is

11C eXCelu ci condi tioa of the concrete was indicated by the following

di.;integ rationl, such as edge or corner rounding, pop-outs or
s-Urt~C ace its, was,- Visible.

b heklrel WAS nol surf ace crackinig.

C. liec color 011 thc mnortar was light gray.

d . Iic beam gave a clear ring when struck with a hamnmer.

C. Ikhe beam va extremely difficult to break into p)ieces, oven Whiein

sI g iime r was use;d.

1 . lterihr -nirfa-ce s .

-i. \Iatc reaction. Vile evidence 01 realct iOn Was thepr-

le:1ie 01 1 1 iitie: "el in one void mild Oil the- surface Of onle acg'rekare pacti-

sIc iiid the- ioiiditiOii of the KILOfa (Iuartzitu partLicles. Whe opal inc Ilatr ix
I a ~ rti iLes had pairt ally' vaniishe(.d leaving g roupljS 1 Of hIsci bonded

an ir l ins hijid. It was possilet to scratch, very slightly, t;Le surfaces
)I go10Lit patcL (it al~ stI nFdo resh Klufai quartzite,

ree icd in tile ibo ra tory., caninot be scratched in thiis mianne r .

1 ula. atL ta ILi C k. ie, absenlce of sui foalurri nate cry"stals indicates
L1ILt i crc ha~s been21 no1 sulfate attaick onl this bealm.

:',r L. l-an-iid -C Lments

.me i, rt, imII ts 1 fitle XRl examliinlationl Of thec four portland cements ire
.smI m:led iiilal l 4 anld 5. iable om containis tihe results obtained bv exli-

-ti M *if e'ach ceenlt. 1:, 1aowder immiiersion mount withm a lietrlrapmic
Sii rc, pc

Ili c s i o 1

I. IlI t li,1 ! Lw 1:1 Lr tIm i i.lIl musd"C i 1i theseL leWmIis 111d til t ille I

;.i tr iad %.;"Ild C I ~ill t i llreml ilt tliit h thm se(ts sol)(11 s



to its length, and examined with a stereoscopic microscope. Special atten-
tion was devoted to the presence of cracks that could he attributed to

alkali-aggregate reaction.

5. XRD patterns were made of each of tle four cements, using the XRI)-3[)

diffractometer with nickel-filtered copper radiation, 4-degree target angle,
49 KVP, and 16 milliamperes at slow scanning speed. The relative amounts
of crystalline C3A were determined by scaling tile 2.70- peak of eaca cement.

The apex of the peak was tuned in manually and scaled three times, at each
of two locations on each sample surface, and the six values were averaged.

The reverter was checked for 95 percent acceptance before and after these

peak height determinations; it was adjusted for 93.5 percent acceptance for

the background determinations. Background was determined by plotting a
straight line through the chart background from 20 to 40 degrees two-theta,

and taking the position of the line under the apex of the 2.70-X peak as the

background count.

6. Powder immersion mounts of each cement were examined with a petrographic

microscope.

7. Several photographs were made.

Results

Beam 1850

8. This beam, made with a high-alkali and high-C 3 A cement, was in poor physi-
cal condition. An unusually large and pure sample of alkali-aggregate reac-
tion gel, about 1/2 in. in diameter and 1/8 in. thick, was found on the outer

surface of the beam. 'Table 1 shows results of XRI), chemical analysis, and

microscope examination of the gel.

9. The outer surfaces were overgrown with marine shells. Cracks were seen
on the surfaces (Photograph I); the mortar was chalky white rather than gray.

Striking tile beam with a hammer produced a drummy sound, and the beam was

easily broken with a hammer.

10. 'fable 2 summarizes the evidence on alkali-silica reaction in Beam 1850.
Photograph 2 shows interior cracking. Ettringite was very abundant on the

surface of many chert particles, lining old cracks, and in many air voids.

It did not completely fill tile voids as it sometimes does when it is this
plentiful. The sulfoaluminate and gel are what produce the white color of
the mortar. During the examination of thin sections, one microcrack in the
mortar was noted in which sulfoaluminate had plainly been deposited before 5
the accompanying gel. Sulfate attack may have commenced in this volume at

least before alkali-aggregate reaction. Most of the microcracks were empty

or the sequence of secondary deposition was not clear.

11. Crack sealing materials. Some of the surface cracks were healed (Photo-
graph 1), most commonly by calcite, or by a mixture of gel and calcite.

Some of tile calcite was light brown or tan and formed as adjoining circles

-l-mm diameter) with tiny vertical walls (<I mm high). 'he calcite

2
.
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Corps of Engineers, Petrographic

Report
P. 0. Box 631
Vicksburg, Mississippi

Project Sea-Water Exposure Tests, Alkali- Date ,June 1958
A ~iLr eate Reactivity ADB

Symbol: 545-6510/71
Serial No. : RC-331, RC-332, RC-333, RC-334, Beam 1850, Beam 1823

Samples

1. A large group of 6- by 6- by 30-in. concrete beams was installed at the
St. Augustine Exposure Station during the Fall of 1955. Two of these beams
were returned to the Concrete Division (CD) in November 1957, and stored in
the moist room until examination was started in March 1958. Beam No. 1850
(RC-332) was one of a group of six which had shown distress by the time of
their lirst inspection in August 1956. Beam No. 1823 (RC-331) was one of a
group of six which showed no distress at that time.

2. Ihe beams were made with the same nixture proportions, using a natural
sand (WES-l S-8(3)) and chert gravel (WES-1 G-5(3)); 5 percent by volume of
the gravel was replaced by reactive Klufa quartzite (OM-2 G-2(9)). The twol
beams differed only in cement as far as intentional variables are concerned

3. The four portland cements used in this program were examined by X-ray
'diffraction (XRD) with particular emphasis on crystaline tricalcium alumi-
nate content. Two of the cements (RC-332, RC-334) had previously beem exam
ined and the results reported 21 August 1956 in accordance with Memorandum
for All Concerned No. 662-D. Sources and serial numbers of the cements are S
shown below:

CD Serial No. Type

RC-331 Lone Star Cement Corp., Norfolk, Virginia II
RC-332 Glens Falls Cement Co., Glens Falls, I

New York
RC-333 Permanente Cement Corp., Permanente, II

California
RC- 134 Universal Atlas, Buffington, Indiana

lest Procedure

4. '.1egascopic examination of the beams began immediately after they were
removed from the moist room. The exterior appearance and condition of each
was noted; the surfaces were examined for cracks, and each beam was struck
!several times with a hammer to determine its general physical condition.
Portions of each beam were broken into pieces and examined with a stereo-
scopic microscope. Samples of secondary reaction products from the inte-
rior and exterior surfaces of Beam 1850 were examined with a petrographic
microscope. A large pure sample of alkali-aggregate reaction gel from the
surface of Beam 1850 was examined by XRD and a chemical analysis of it was
made. Several thin sections were made from each beam and were examined wit ""
a petrographic microscope. A sawed surface was cut from each beam, normal

WES FORM No.
Rev Feb 1970
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SUBJECT: Report of Petrographic Examination of Mortar Bars

was clear, if liquid, and white or clear, if dried. The interior-void gel
woo always dry and usually a combination of clear and white with the clear
material usually in contact with the side. of the void&. The gel from
combination 7 is amorphous; its refractive index is between 1.414 - 1.446.

8. The following remarks apply only to the set of bars from combination 7
(high-alkali, high C3A cement with reactive aggregate):

a. There was a great deal of akli-aggraete reaction.

b. Fine cracks were visible on the surfaces of the bars.

c. The bars were physically weak and could be broken easily by hand.

d. Expansion after one year was greater than one-tenth of one per

cent.

9. The bars of all combination* except those of No. 7 were essentially
in good condition.

2 Inc
Tables 1, 2

2



CORPS OF ENGINEERS, U. S. ARMY
OFFICE Of THE DIRECTOR

[SS Rk , T

T. . WATERWAYS EXPERIMENT STATION
VICKSBURiG MiSY, IPIPPI

REF(R TJ SYMBOt ESC 5 September 1956 ,

SUBJECT: Report of Petrograp c Examination of Mortar bars

PROJECT: Exposure of Specimens St. Augustine
(Job 6510, Memo: 662-A

FRfJ: A. D. Buck through K. Math and B. Mather

TO: C. H. Willetts

I. Twelve sets of mortar bars containing "e combinations exposed at
St. Augustine to determine the effect on alkali-aggregate reactivity of C3A
content have been examined and the results are shown on Tables 1, 2.

2. Six combinations (1, 2, 3, 10, 11, 12) contained aggregates believed
to I., unreactive or slightly reactive. Table 1 indicates that the high-alkali
cement combinations developed a little more reaction than the low-alkali cement
combinations.

3. Three combinations (4, 7, 9) contained reactive aggregates, two with
high-alkali cements (4, 7) and one with low-alkali cement. The two with high-
alkali cement both reacted. The one with low-alkali cement reacted loe than
any other combination except 12.

4. Three combinations (5, 6, 8)contained reactive aggregate and pozzolan.
All three showed some signs of reaction; the two combinations with Monterey
shale showed less reaction than the one with fly ash.

5. There was no formation of sulfoaluminate in these bars.

6. Evidence of alkali-aggregate reaction was found in all bars except
those of combinations 9 and 12 (low-alkali, low-C3 A cement). The reaction
was extremely slight in the bars of the two sets made with low-alkali cement
which did react.

7. The evidence for alkali-,,ggragate reaction was in the form of gel
in combinations 1, 2, 3, 10, 11, 6, and 8 and in the form of gel, cracks,
and incipient popouts in combinations 4, 5, and 7. The gel was found on the
bar surfaces and lining or filling Interior voids or both. The surface gel S

. . , ' - ." ", ''" " -" " • - " . . " .- .. i " - -" - - - " . " -" . - .- ' " - . - - ' ' . . . ' -i - " "" ' "S



Table 2

Met -ods of Identification
X-ray h'cLro,.ripiic AciLd Phase Composition

sriIes Diffraction Microccope Test Diai:ram of Sample

- Gla66 C lass)> 90%
RC-216(4) Me-lite Mclilite Melilite, Melilite

Calcite Calcite Calcite - Calcite(a)
Quartz Qutartz -- Quarc;,(b)

- Cis -- GlaGJ ' 907
RC-296 Calcite Calcite Calcite - Callcite(a) - Miajor

Qjartz Quartz -- Quartz(b) - minor

(a) C~dcite is a common surface alteration product of finely ground quenched

(b) Quartz is a corunon contaminant of slags.



Table I

Cr\,gtalline C3A Determined by:
Calculation from Chemical Analysis

X-ray Diffraction, Per Cent
Sar.ples Counts per Second Standard Mett.od(a) Swayze's Method(b)

RC-332 395 14 9.9

RC-334 1,10 13 11.2

RC-336 (C) No peak 2.2 2.2

RC-337(C) 125 I,'.6 5.2

RC-338 (C) 150 11.6 10.9

RC-339(C) i30 8.7 8.7

i(C-340(C) 215 13.8 12.1

RC-341 (C) i90 12.4 8.9

RC-34:(c) 200 10.5 4.5

RC-345(C) 130 i2.3 7.4 0

(a) Note 2, Table I, Fed. Spec. SS-C-192a (CRD-'C 200-54).
(b) Swayze's Method: 1.216 (Wt of Fe 203) = Wt of A1 2 03 in C6A2F.

Total A1 203 - A1 2 03 .n C A F residjal A1 2 03 -
2.;5 (A12 03 residuai) 81- (Am. Jour. Sci., 244, 1946, p 04). 5

"S S
" " " S ' . SilY .' - ' '' " ..- i



i'etro:,rnd..&c Report (Cont'd) Symbol: 1)510 Serial No. RC-332,334,
(CIJ 6031 RC-21b(4), RC-296

*1Dote: 21 August 1956

b. Biast-furnace sjtL.E. Exiamination of these two sla,-.s (Tahle 2)
ind~ciLedchat eacti is essentially identical to previous samiples from the
sane~ solirzes. 'Jilurcfore, there is every reason to expect behavior s..milar
to that of Lhin.ir counterpar~ts in the blended cement and 1portland blast-
furnace s~a ceiacti programs. "tcitthcr of these slags contains any crystal-
line C3A; no blnst-furnace slao- made under normal conditions should con-
tain any crystalline C3A. RC-296 was wore efficiently quenched than RC.216(4).

2



CORPS OF ENGINEERS1I U. S. ARMY PERGAHC CONCRETE RESEARCH
REPORT DIVISION

WATERWAYS EXPERIMENT P.O. DRAWER 2131
STATION JACK~SON, MISSISSIPPI

SEILN:RC-332, TypE, hi-33-al l ighll Cemenpotan Ce;eC-t3

RC-332 Type 1, hiow-alkali, high C3A, portland cement.
RC-334 Ter-euenched-al sfrali ihCe3A slrancmet
RC-216(4 Water-quenched blast-furnace slag.

2. Test procedure. X-ray diffraction patter-ns were made of each
sample, using the~ XRD-3D diffractoneter with nickel-filtered copper

0radiation, 4-deg target angle )at 49 Kvp, 16 ma, slow acannine speed.
The relative amounts Of C3A in each cement were determined by scaling
the 2.704R peak. The apex of the peak was tuned in manually and scaled
three time3, at each of three locations on each sample surface, and
the nine values averaged. Background was determined by plotting a
straight line through the chart background from 2odeg to 40 deg 2-theta,and taking the position of the line under the apex of the 2.?O-x peakas the background count. The clinkers of the cements in the portland
bla~t-furnace slag cement program were re-examined by this procedure.
Values reported in Table I are average peak heights minus background.
The slag patterns were compared with patterns of slags from the samesources examined previously. In addition, the slags were examined with
a petro,;raphic microscope; tests for magnetic materials and for reactxona
in dilu~e hydrochloric acid were made. The major oxides, CaO,' A120
SiO2 - and MZO were recomputed to 100 per cent from the chemical analys6es,and the recalculated compositions plotted on the appropriate phasediagr.t.;.s to compare the constituents identified with those expected(l).

3. Results.

a. -Portlan -d cements. Table I compares crystalline C 3A in thesecenents and in the rPBFSC clinkers, as estimated by diffraction and bycalculation from chiemical analyses. The difference In amount of crystalline
C 3A Ln RC-332 and RC-334 as determined by the X-ray method is regarded asSignificant, and it is expected that the behavior of these cements shouldreflect this difference whenever the crystalline C3A content is a primary
factor in affecting behavior.

GI) E. F. Osborn et al,"Optimum Composition of Blast-Furnace Slag asDeduced from Liquidus Data for the Qeaternary System CaO-M&O-Al 2 03-S' 2,"'Journal of Metals, pp 3-15, 1954.

IncI 2

L MW FORM NO.. 557 ____



0 0

Table 5

COKPOSITIOI OF OK-2G-2(9) - ILUFA QUITZITI

l Weahered Ro~ck Uniteathered Rock

Constituents Per Cant(a) Pear Cent(a

Quartz 70 67

Opal 14 14

Feldspar 7 5

Kiscallansous(b) 6 11

Chart 3 3

Total 100 100

(a) Determined by counting 1500 points on a thin section of typical
rock using a point-count technique and a petrowraphic microscope.

(b) Consists of illitic clay, altered feldspar, clay covered quartz, and
various accessory detrital minerals. S
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Table 4

C A in Four Portland Cements
3

X-Ray Intensity,

C3 A Calculated from counts/second on Peak Location,
CD Serial No. Chemical Analysis 2.70-A Peak in Angstrom Units

RC-332 14.2% 3 10 (a) 2.704

RC-331 5.4% 235 2.710

RC-334 13.4% 2 0 5(a) 2.699I S

RC-333 4.4% Not detected

(a) The ratio of 310/205 is about 3:2. The values given in the previous re-
port were 195/100, or about 4:2. The change in intensity values is due
largely to changes made in the equipment during the interim. The agreement

between the two ratios is considered quite satisfactory.
(b) This is two peaks, one at 2.704 due to C3A, one at 2.720 is a substituted

calcium silicate. The 2.704 peak is stronger than the 2.699 peak of RC-334.
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Sawed surface of Beam 1850 (XI.5) showing internal cracks.

Photograph 2
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outer surface of Beam 1823 (XI.5) showing marine shells. Note absence of cracks.

Photograph 3

21



AS

S

•S

0 - - ... .

Sawed surface of Beam 1823 (XI.5). Note absence of internal cracking.

Photograph 4
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MEMORAD'JM FOR THE FILES:

SUBJECT: E-Series Columns, St. Augustine, Florida 0

1. Attached is a petrographic report dated 10 May 1957 giving data
on and results of examination of three columns as follows:

Cement Concrete S
Year Na20 Calculated Color of t£vidence of

Column "Failed" , CIA, % Mortar Deterioration

E-6-H 1950 0.60 4.6 Cray None

E-9-11 1950 0.53 4.6 Gray None

B-32-H 1948 1.02 13.6 Yellowish Large amount of
sul foaluminate,
abundant alkali-
reaction gel

2. The signif cance of these findings is:

a. Only the concrete made with the high-alkali, high-C 3A cement
shows evidence of deteriorative processes thbft led to failure; the other
two "failed" specimens may represent breakage due to handling.

h. The examination of E-32-H provides one of the first examples
of distinct alkali-aggregate reacticn involving the natural aggregate from S
Long Island, New York; and also is an example of concurrent alkali-aggregate
reaction and sulfate attack deterioration.

3. It is recommended that these findings be cited in:

a. The next general report on natural weathering in the series
of which TM 6-226 (Report No. 5), May 1954, is the latest.

h. In the report of the investigation now in progress, "Exposure
of Specimens at St. Augustine, Florida" (Memo. No. 662).

Incl BRYANT MATIR , Chief
Form 557 Special Investigations Branch

Con, rete Division

Inel 5
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CORPS Of ENGINEERS, U.S. ARMY PETROGRAPHIC CONCRETE RESEARCH
REPORT DIVISION

WATERWAYS EXPERIMENT P.O. DRAWER 2131

STATION JACKSON, MISSISSIPPI

SYMBOL: PROJECT: Sea-water DATE REPORT INITIALS,
SUBMITTED:6510 Exposure Tests 10 Ha 1957 ADB, WI,

SERIAL NO: SOURCE:
E-b-I!, E-9-H, E-Series Columns

E-32-H St. Augustine, Florida

1. Sampleb. Three 6-in. by b-in. by 48-in. concrete columns from the
serie!, maae as part of tI.e Cement Durability Program,(1 which had failed
during sea-water exposure tests at St. Augustine, Florida, were returned to
the laboratory in AugIst of 1956 for examination. The examination was con-
ducted to determine, if possible, why the columns had failed, and any unusual
features which might be noted. The columns were identified as 9-b-H, E-9-H, S
and E-32-1. Each column contained a different cement; each cement was repre-
sented at the exposure station by a set of three columns. "The same mixture
proportions, and coarse and fine aggregate from one source, were used in all
the : rcrete, so that the only variable under test was the cement. The mix-
,irc propoitions used in making these specimens were as follows:

Proportions by Wt wIC C. F. Nominal S
iinc Coarse Aggregate gal/ bag, Slump)

Cement A_ grgate 1 2-in. - No. 4 1-in. - 1/2-in. bag in.

1 2.3 3 1.60 2.71 6.O 5.1 2

The specimens were made during the summer of 194 and placed at
the exposure station in early October of that year. Thu following table
gives a summary of the durability factors for the sets concerned during
the years 1940-1956.(2)

Table 1

DFE
Year

Colurmn 1942 194o 1948 1950 1952 1954 1956

E-6-E 114 119 120 121 115 118 1Ib
WE-6-H 115 122 111 Failed - - -
1-6-K 112 126 123 120 119 114 120

-9-E 114 122 Broken in - - - -

Handling
wE-9-H 117 131 105 Failed - - -
F-g-K 113 121 127 118 117 114 112

E-32-E 124 125 Failed - - - -

'E-32-H 127 126 Failed - -

E-32-K 127 128 Failed - -

(1) First Interim Report, Cement Durability Program, June 1942.
(2) Taken from Table 3 of Report No. 5, Tdchnical Memorandum 6-266 and

from unpublished data.

LMW FORM NO. 557



Petrographic Report (Continued) Symbol: 6510 10 May 1957

Serial No.: 9-6-H
E-9-H,

E-32-H S

Some data for the cemenLs that were used is shown in the following

tatble;

Table 2

Type Based Total C3 A Content,'

on Existing Alkali Calculated Determined by
Cement Clinker Federal Speci- Content. from the Micrometric
Serial Serial fications in Expressed Chemical Analysis of

No. Jo. 1942 as Na0.,% Analysis Clinker

E-6(RC-b) E-6 II, plain 0.60 4.6 0.1

E-9(RC-9) E-9 11. plain 0.53 4.6 0.3

E-32(RC-29) - (a) I, air-entraining LG2 13.6 .(a)

(a) No E-32 clinker was sampled.

2. Test Procedure. The condition and appearance of the specimens
wiglobserved. The ring produced by striking the concrete with a hammer
was observed. The toughness of the concrete was checked by using a hammer
to break up portions of each specimen. Since the outer surfaces were
covered with shells, etc., from the sea, the detailed examination was
made on concrete from the interior of each column. Fresh broken and sawed 0
surfaces of each specimen were examined using a stereoscopic microscope.
A saw cut was made normal to the length of each column about six inches
from the end; a series of adjoining thin sections were then made across
the mid-portion of each surface from one side to the other. A petrographic
microscope was used to examine these sections and t check reaction products
found in the concrete. The companion surface to each of those from which
the thin sections were made was examined at 45X and at bOX with a stereo-
scopic microscope for the presence of microcracks. A point-count technique
with a 318-in. point spacing was used. A General giectric XRD-3 diffractometer
employing nickel-filtered copper radiation at 49 kilovolts and 16 milliamperes
was used to obtain diffraction patterns of the clinkers of E-6 and E-9 and

of the mortar from column E-32-H.

3. Results.

a. General Statement. Examination of column E-32-H indicates
that it is entirely reasonable and to be expected that it and the remainder
of the set failed during test. The failure was due to the damage suffered
through the mechanism of alkali-aggregate reaction and the formation of ex-
cessive amounts of calcium sulfoaluminate. On the other hand, examination S
of columns E-6-H and 9-9-H has revealed no obvious reason or reasons for

2



Petrographic Report (Continied) Symbol: b10 10 May 1957
Serial No.: E-b-H,

E-9-H,
E-32-H S

their failure. These columns would still be in Florida undergoing test
were it not for the sin je break In each which was responsible for their
retitrn to the laboratory.

b. General Observations.

(1) The mortar of column E-6-H and of E-9-H is medium gray
in color; there is no sign of alkali-aggregate reaction; some calcium
sulfoaluminate is present in "voids and also may be found occasionally where
mortar aid aggregate meet. The concrete appears to be in good condition.

(2) The mortat of column 9-32-H is very, very light yellowish
bray in color. This color is probably associated with secondary reactions,
but it may 'be due to the color of the cement itself. There is a large
amaout of calcium sulfoaluminate in this specimen; it is found in voids
and in aggregate sockets or on aggre;aLe surfaces. Alkali-reaction gel
is ab.ndant in voids, on aggregate surfaces, and in mortar. The concrete
of this specimen is not in as good condition as the concrete in E-6 and
E-9. S

(3) Examination of the thin sections gave results consistent
with the observations made with the stereoscopic microscope. In addition,
the sections showed that the depth of carbonation of the concrete surfaces
was less Lh3n one-half inch.

(4) There are essentially no cracks, large or small, in the S
interiors of specimens E-b-H and E-9-H. The debris and shells on the outer
surtaces made it impossible to examine them for cracking with any success.

(5) No unusual features were present in the X-ray patterns
of clinkers E-6 and E-9. The amount of crystalline C3A in each of these
two clinkers appears to be below five per cent; this was determined by using
the X-ray unethod reported iii Miscellaneous Paper No. 6-201, March 1957.
These results are in ,ood agreement with those shown in Table 2 of this
report. No sample of the cement or clinKer of E-32 was available for study.
The pattern of the rertar of E-32-H confirmed the findings which had been
made by visual and miiroscopic e.xamination of it.

3
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Corps of Engineers, USAE Petrographic

Waterways Experiment Report Concrete Division

Station P. 0. Drawer 2131

_____________I___I Jackson, Mississippi

Project Sea Water Exposure, Date About September 196
Alkali-Aggregate Reactivity AB, BA

Samgle

1. One 6- by 6- by 30-in. concrete beam described below was examined as
directed by Memorandum for All Concerned No. 662.

2. The beam was installed at the St. Augustine Exposure Station during
August 1955. It failed in 1964 and was received at the Concrete Division
(CD) for examination in August 1966. The beam identification number was
either 1926 or 1928, but positive identification was impossible due to the
presence of numerous marine shells covering the entire surface of the beam. S
Beams 1926 and 1928 were two of a group of nine beams made to the same mix-
ture proportions using high-alkali and high-C3A cement (RC-332), natural
sand (WES-I S-8(3)), natural gravel (WES-l G-5(3)) containing 5 percent
Klufa quartzite (OM-2 G-2(9)) and 20 percent fly ash as a cement replace-

ment material. The cement factor of this set was between 4.5 and 5.8 bags/
*yd3 , water/cement ratio was 0.5 by weight, air content was 5.0 + 0.5 per-
cent, and the slump was 2-1/2 + 1/2 in. Six of the beams were sent to the
St. Augustine Exposure Station and three stored out-of-doors at the CD.

Test Procedure

3. The surface of the beam was examined for cracks and struck several timeT
with a hammer. A photograph was taken to show the effects of reactions.T
The beam was broken and portions of it were examined with a

stereomicroscope.

4. The beam was sawed normal to its length to expose a fresh surface and
several thin sections were made from this surface. Special attention was
devoted to cracks and possible alkali-aggregate reaction in selecting areas"
for thin sections. The thin sections were examined with a petrographic |
microscope on a comparative basis with sections already made from Beams
1850 and 1823. Beam 1850 had shown heavy alkali-aggregate reaction and sul-
fate attack while Beam 1823 had shown only slight alkali-aggregate reaction
when examined in November 1957. Beam 1850 differed from Beam 1926 or 1928
in that it did not have fly ash as a cement replacement material. Beam

* 1823 was made with a different cement and contained no fly ash.

5. The beam, 1926 or 1928, was also compared with Beams 1924, 1927, and
1930 which have the same mixture proportions. These three beams were in-
stalled outdoors at the Concrete Laboratory during September 1955. The
beams were compared by visual appearance and by determination of relative
E.

Results

6. This beam, made with a high-alkali and high-C 3 A cement (RC-332), was
in poor physical condition as a result of alkali-silica reaction and prob-
able sulfate attack.

* WES FORM No. 1
In 1 6 Rev Feb 1970 1115
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7. The center of the beam was deeply and severely cracked around all four
sides and had lesser cracks around all four sides at one end of the beam.
The cracks perpendicular to the centerline of the beam were connected by
lesser cracks running parallel to the length of the beam.

8. The beam was broken in the center where the most severe cracking had oc-

curred. The beam had been penetrated nearly to its center by sea water and
had a dark yellowish green color like the outer surface of the beam. A white
and powdery reaction product was quite evident around the aggregate particles
and in lesser amounts on the surface of the mortar. One reaction product
and possibly two were confirmed under the stereomicroscope.

9. Freshly sawed surfaces of the beam revealed numerous fine cracks through-

out the beam which generally propagated from aggregate particles which had
been subjected to alkali-aggregate reaction. The reaction was especially
noticeable in the reactive quartzite particles where the opal cementing agent

had been dissolved leaving individual quartz particles loose or in a spongy S
mass. Photograph 1 shows three reacted quartzite particles where the core
of the particles was unaffected. Other signs of reaction included the ob-
vious expansion of the beam, gel found in cracks and other voids, and the
reaction products on the surface of many chert particles.

Summary

10. Consideration of the materials used in this beam and of the type expo-
sure it had been subjected to would lead one to predict that alkali-silica
reaction was to be expected. It would also be expected that sulfate attack

through the medium of sea water would occur.

11. The other three beams of this set, exposed outdoors at the Jackson,
Mississippi, Suboffice showed no signs of distress except for a very fine

crack on one end of Beam 1927. The crack obviously was so small that it did
not affect its 1966 percent E reading which was 100, or else the cracking oc-

curred after the reading had taken place. The crack in Beam 1927 may be the
beginning of alkali-silica reaction proceeding slowly as would be expected
without the aid of sulfate attack and with only occasional and limited amounts

of water.

* 2
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Sawed surface of Specimen 1926 or 1928, Xl. Note the many cracks which are visi- ,

*ble; many of these are filled with secondary deposits. Three reacted quartzite

particles are marked with an X; these particles illustrate cases where the core

of the particles was unaffected by the reaction

Photograph I

. . .

"; ,~~... .. -- ... . .. . . "'.. ., . . .. *. * -.-- , -. ..- i- ."J.. ' .. . ...- ". .'j.'L .," " -'. C ', "'. .*-;;.;. ,,.';"



FILMED

5-85

DTIC


